Chloroplast sequence contamination in 16S ribosomal RNA gene (16S) analyses can be particularly problematic when sampling microbial communities in plants and folivorous arthropods. We previously encountered high levels of plastid contamination in herbivorous insect samples when we used the predominant 454 pyrosequencing 16S methodologies described in the literature. 799F, a primer previously found to exclude chloroplast sequences, was modified to enhance its efficacy, and we describe, in detail, our methodology throughout amplicon pyrosequencing. Thirteen versions of 799F were assessed for the exclusion of chloroplast sequences from our samples. We found that a shift in the mismatch between 799F and chloroplast 16S resulted in significant reduction of chloroplast reads. Our results also indicate that amplifying sequences from environmental samples in a two-step PCR process, with the addition of the multiplex identifiers and 454 adapters in a second round of PCR, further improved primer specificity. Primers that included 3′ phosphorothioate bonds, which were designed to block primer degradation, did not amplify consistently across samples. The different forward primers do not appear to bias the bacterial communities detected. We provide a methodological framework for reducing chloroplast reads in high-throughput sequencing data sets that can be applied to a number of environmental samples and sequencing techniques.
Introduction
The advent of next-generation sequencing technologies has revolutionized methods for studying microbial ecology and symbiosis. Barcoded amplicon pyrosequencing has enabled researchers to multiplex samples and generate a tremendous amount of data in a variety of systems (Hamady et al., 2008; Weinstock, 2012) . Microbial communities associated with arthropods and plants have received increased attention during this time. Studies on insects such as those describing establishment of a core microbiome (Moran et al., 2012) , microbial transmission (Sudakaran et al., 2012) , community dynamics through development (Wong et al., 2011) , phylogenies (Hulcr et al., 2012) , and across populations have been made possible from these technological advancements. Additionally, these advances have improved our understanding of the mechanisms and ecological consequences of bacterial community acquisition in plants (Bengtsson et al., 2012; Gottel et al., 2011; Koopman et al., 2010; Redford et al., 2010) .
While these studies utilize a diversity of model insects and plants, their investigations lack information on bacterial communities of folivorous insects. There are major methodological obstacles in addressing questions pertaining to foliage-feeding herbivores as several of the published primer pairs used in bacterial 16S ribosomal RNA gene (henceforth abbreviated 16S) pyrosequencing are not feasible for projects studying these systems. The homology between bacterial 16S, chloroplast 16S, plant nuclear and mitochondrial 18S rRNA genes (18S), and arthropod 18S leads to challenges in choosing the appropriate primer pairs. For example, the commonly used universal bacterial primers 926F and 1392R are sufficiently similar to arthropod 18S, resulting in the amplification of these non-bacterial sequences (Dams et al., 1988) . The universal 16S primers targeting hypervariable regions V1-V3 (27F, 338R, 519R), V3-V6 (534F, 926F, 1114R), and V6-V8 (926F, 1392R), used in other insect systems (Andreotti et al., 2011; Fagen et al., 2012; Hail et al., 2011 Hail et al., , 2012 Hulcr et al., 2012; Jones et al., 2010 Jones et al., , 2013 Lalzar et al., 2012; Moran et al., 2012; Osei-Poku et al., 2012; Palavesam et al., 2012; Reid et al., 2011; Wang et al., 2011; Wong et al., 2011) are homologous to chloroplast 16S (Dams et al., 1988; Lane, 1991; Rastogi et al., 2010) . Many of the phytophagous insects covered in the pyrosequencing literature consume substrates other than leaves, such as phloem, wood, xylem, and seeds, that contain low abundances of chloroplasts (Fagen et al., 2012; Hail et al., 2011 Hail et al., , 2012 Köhler et al., 2012; Reid et al., 2011; Salem et al., 2013; Sudakaran et al., 2012) . However, in several pyrosequencing studies focusing on insects, authors have reported unintended chloroplast contamination of varying degrees (Hulcr et al., 2012; Kelley and Dobler, 2011; Moran et al., 2012; Reid et al., 2011; Russell et al., 2013) .
For the study of maize roots, Chelius and Triplett (2001) designed 799F, a primer intended to amplify bacterial 16S sequences while avoiding chloroplast 16S sequences, by using a two base pair mismatch on the 3′ end of the primer. This primer, and other versions designed from it (799F2, 783R, 783Rabc), has been sufficient for some plant systems (Edwards et al., 2007; Rastogi et al., 2010; Sakai et al., 2004; Sun et al., 2008) , but it has not been entirely effective in eliminating the amplification of chloroplast 16S sequences in all samples (Bodenhausen et al., 2013; Bulgarelli et al., 2012; Leveau and Tech, 2011; Sagaram et al., 2009; Shade et al., 2013) . Others have made no direct comments on the presence or absence of chloroplast sequences in their data sets (Jones et al., 2013; Lundberg et al., 2012; Rastogi et al., 2012; Redford and Fierer, 2009; Redford et al., 2010) . To our knowledge, this primer has not been applied to arthropod systems.
Chloroplasts are evolutionarily descended from bacteria, so it is not surprising that the 16S genes are nearly homologous between the two. One of the only regions appropriate for primer design that allows broad bacterial 16S amplification while potentially blocking chloroplast 16S exists between positions 783-799 of the 16S gene (E. coli numbering system). Chloroplast 16S genes have two base pair mismatches at positions 798 and 799 that Chelius and Triplett took advantage of in designing 799F and two additional mismatches at positions 783 and 784 (Chelius and Triplett, 2001) . Mismatches between the 3′ end of the primer and the targeted sequence are commonly thought to block amplification (Klindworth et al., 2013; Kumar et al., 2011; Lane, 1991; Nossa et al., 2010; Rastogi et al., 2010; Sipos et al., 2007; Wang and Qian, 2009) . As noted by Chelius and Triplett, these minor differences can be exploited in an attempt to avoid chloroplast 16S sequences (Chelius and Triplett, 2001; Sakai et al., 2004) . Primer design may also have a major influence on data analysis and interpretation of bacterial community data sets. There is an extensive literature debating which of the various primer combinations are best suited for 16S pyrosequencing projects, but much of this work has been done using marine ecosystems (Klindworth et al., 2013) or the Human Microbiome Project Nossa et al., 2010) as models.
Additional complications in primer design include length of the primer, and potential exonuclease activity from error correcting polymerases. Primers that are too short will anneal to non-targeted sequences while primers that are too long will be overly specific which may incorporate additional biases in pyrosequencing (Sergeant et al., 2012) . Moreover, exonuclease activities observed in error correcting polymerases can degrade primers, causing unintended amplification of undesired targets (Ahn et al., 2012) . Modifications on the 3′ ends of primers, such as phosphorothioate bonds, create highly stable primers that are not degraded by polymerase exonuclease activities and may be used to circumvent this polymerase issue.
We found that following the current methodology in the published insect bacterial 16S literature was inadequate for our samples, resulting in significant loss of sequencing reads to chloroplast or arthropod sequences, rendering our data useless. Here we test modifications that improve upon the previously published primer, 799F, and show how these modifications perform in 454 pyrosequencing of herbivorous insect samples (Chelius and Triplett, 2001) . We tested these primers in two distantly related arthropods that consume plant substrates with high chloroplast abundances, the gypsy moth (Lymantria dispar) and the herbivorous ant Azteca constructor, along with a mock community consisting of 50% chloroplast 16S and 50% Streptomyces 16S. We designed 13 modifications to 799F for use in pyrosequencing, with the objective of complete elimination of chloroplast 16S reads in our arthropod systems. Our results indicate that 799F does reduce chloroplast abundance relative to other published primers, but primer length and various 3′ modifications appear to be more effective at further minimizing plastid contamination. These primer modifications are appropriate for use in folivorous arthropod bacterial community analysis and in other samples that may contain chloroplasts, such as plants and algae.
Materials & methods

Sample collection, preparation, and DNA extraction
Two herbivorous insects and a mock mixture of chloroplast and bacterial 16S were used for the analysis. Five A. constructor workers were collected sterilely from a Cecropia insignis tree at Carara Biological Reserve, Costa Rica, May 2011, pooled, stored in 99% ethanol, and transported to the laboratory in Madison, WI, for DNA extraction. Gypsy moth (L. dispar) larvae were reared in petri dishes from egg masses obtained from a wild population in Temperance, MI. The larvae were fed with white birch (Betula papyrifera) obtained from WI-DNR (Wilson Nursery, Boscobel, WI), with diet being replaced daily. At the fifth instar, ten larvae were starved for 24 h, and then anesthetized by placing at −20°C for 15 min. The larvae were surface sterilized in 70% ethanol for 30 s, air-dried for 1 min, and midguts were dissected with flame sterilized instruments. Midguts were pooled and stored at −80°C until DNA extraction.
DNA was extracted from both insect tissues with the Epicenter Master Pure Complete DNA and RNA Purification Kit (Illumina, Madison, WI) with modifications. Tissues were homogenized in 2.0 mL screw-cap vials with one 3 mm diameter steel bead in 500 μL T&C buffer, samples were centrifuged at 500 ×g for 3 min, supernatant was collected, and the remaining manufacturer's directions were followed. DNA was resuspended in TE and stored at − 20°C until use.
Construction of mock mixture
To test the effectiveness of the newly designed primers, a mock mixture was constructed to contain half chloroplast 16S and half Streptomyces 16S. The chloroplast 16S was cloned from an Azteca alfari larvae sample found to contain 99% chloroplast reads from a previous 454 pyrosequencing run (data not shown). A near-full length sequence of the 16S was PCR amplified in 50 μL total volume, containing 100 ng template DNA, 0.5 μL Herculase II DNA polymerase (Agilent Technologies, Santa Clara, CA), 1.0 nM dNTPs, 1.25 μL DMSO, 10 μL buffer, and 250 nM each of the primers 27F (5′AGAGTTTGATCNTGGCTCAG) and 1492R (5′ TACGGYTACCTTGTTACG). Reaction conditions were as follows: 95°C for 2 min, 32 cycles of 95°C for 20 s, 55°C for 20 s, 72°C for 1:30 min, and a final elongation of 72°C for 3 min. PCR products were cleaned using the Promega Wizard SV gel and PCR clean-up system as per manufacturer's directions (Promega, Madison, WI). One microliter of cleaned PCR product was used in a Novagen Perfectly Blunt Cloning kit with the pT7 Blue Blunt vector, performed as per manufacturer's directions (EMD Millipore, Billerica, MA). Colonies were selected based on a blue/white screening and colony PCRs were performed, with a total volume of 20 μL containing 4 μL of boiled and centrifuged colony supernatant, 0.4 μL Herculase II DNA polymerase, 1.0 nM dNTPs, 0.5 μL DMSO, 4 μL buffer, and 100 nM of each of the primers M13F (5′ GTTTTCCCAGTCACGAC) and M13R (5′CAGGAAACAGCTATGAC). Reaction conditions were as follows: 95°C for 2 min, 35 cycles at 95°C for 20 s, 55°C for 20 s, 72°C for 2 min, and a final elongation of 72°C for 3 min. Three colonies were positive and selected for sequencing using Big Dye chemistry. A 10 μL total volume PCR contained 1 μL Big Dye, 1.5 μL Big Dye buffer, 100 nM primer (27F or 1492R), 0.5 μL DMSO, and 0.5 μL PCR template. Reaction conditions were as follows: 96°C for 2 min, 36 cycles of 96°C for 10 s, 52°C for 15 s, 60°C for 3 min, and a final elongation of 72°C for 2 min. Products were cleaned with Agencourt CleanSeq beads (Beckman Coulter, Brea, CA), as per manufacturer's directions, and sequenced at the University of WisconsinMadison Biotechnology Center. Sequences were edited and aligned in Sequencher v4.5 (Gene Codes Corporation, Ann Arbor, MI), and confirmed via NCBI blastN to be chloroplast (Altschul et al., 1990) .
A laboratory strain of Streptomyces spp. was used as the bacterial 16S, and amplified as described above using 27F and 1492R. The PCR products from both chloroplast and Streptomyces were quantified by an Invitrogen Qubit Fluorometer (Life Sciences, Grand Island, NY) and mixed in equal concentrations to create the 50:50 mock mixture.
Cross-phyla small subunit ribosomal DNA alignment
A framework by Dams et al. (1988) was used for the alignment between bacterial 16S, chloroplast 16S, arthropod 18S, plant nuclear 18S, and plant mitochondrial 18S consensus sequences (Dams et al., 1988) . The 16S consensus sequence for bacteria from Baker et al. (2003) was used here with no modifications (Baker et al., 2003) . A chloroplast 16S consensus sequence was created from the chloroplast sequenced above, the top 15 full length Blast matches to that sequence representing different genera within the rosids clade (DQ226511, JN884817, JQ041763, AP012207, HQ336405, HQ664605, JF317356, HQ244500, HQ664560, HQ664552, FJ895895, HQ664600, EF207453, HQ664619, EU431223), and 5 partial Betula chloroplast 16S sequences (GQ284846-50). Sequences were aligned in MEGA 5.2.1 using default ClustalW parameters, and the chloroplast consensus sequence was manually made (Tamura et al., 2011 ) (Chloroplast consensus sequence in Supplemental Text 1). Azteca ovaticeps 18S (EF012842) and L. dispar 18S (DQ186972.1) were used as representatives of arthropod 18S. A plant mitochondrial 18S consensus sequence was created, as described for the chloroplast 16S consensus, using two near full length rosid sequences, Oenothera berteriana (X61277) and Arabidopsis thaliana (Y08501). A plant nuclear 18S consensus sequence was created, as described for the chloroplast 16S consensus, using A. thaliana (X16077), Betula pendula (GU476453), and three sequences from the same family as Cecropia (Urticaceae), Pilea cadierei (JF317373.1), Debregeasia saeneb (JF317363), and Boehmeria nivea (AF206870). All sequences were assessed for the presence of universal bacterial primers, including the forward primers 27F, 338F, 534F, 799F, 926F, and 1114F, in addition to the reverse primers 338R, 519R, 1114R, 1392R, and 1492R (Table 1) .
Primer design and assessment
The primers used in this study were developed to minimize chloroplast contamination and amplify the V5-V8 region of the 16S. Chloroplast and bacterial 16S are, as expected, highly conserved, severely limiting the number of potential primer mismatches (Table 1, Supplemental Table 1 ). Besides the four mismatches around 799F, no other conserved region of the bacterial 16S appropriate for primer design contains sufficient mismatches to chloroplast 16S. Consensus sequences of chloroplast and bacterial 16S were aligned along with the previously published 799F (Chelius and Triplett, 2001 ). 799F was modified on both the 5′ and 3′ ends, resulting in 9 different versions of the primer (Table 2) . 799F-mod2, -mod4, and -mod7 were also synthesized with phosphorothioate bonds on the 3′ end, resulting in 13 total versions of 799F (Table 2 ). Primers were synthesized by Integrated DNA Technologies (Coralville, IA).
All versions of 799F, including 799F-tags which includes the 454 B adapter, were assessed for their ability to amplify chloroplast 16S, bacterial 16S, the 50:50 mock mixture, and environmental samples, in addition to their predicted coverage rate using probe match in the Ribosomal Database Project (RDP) (Cole et al., 2009) . 19.2 ng of chloroplast 16S, bacterial 16S and 50:50 mock mixture was used as template, while 50 ng of environmental DNA was used. A 50 μL total volume PCR contained 0.5 μL Herculase II DNA polymerase, 1.0 nM dNTPs, 1 μL DMSO, 10 μL buffer, 300 nM 1392R (5′ ACGGGCGGTGTGTRC) and 300 nM forward primer. Reaction conditions were as follows: 95°C for 3 min, 30 cycles of 95°C for 20 s, 45°C for 30 s, 72°C for 30 s, and a final elongation of 72°C for 3 min. PCR products were visualized and assessed on a 2% agarose gel. Primers not capable of amplifying the Streptomyces 16S (799F-mod5, -mod9, and -mod4thio) were excluded from further testing. Likewise, primers unable to amplify either environmental samples (799F-mod4, -mod8 and -mod2thio) were removed. In addition to 799F and 799F-tags, the modified versions Table 1 Cross phyla alignment of the universal bacterial primers with 16S-and 18S-rRNA genes from bacteria and eukaryotes. Primer sequences written 5′ 799F-mod2, -mod3, -mod6, -mod7, -thio and -mod7thio were included in further assessment.
PCR for 454 pyrosequencing
With two exceptions, PCRs were carried out using a two-step PCR procedure, utilizing a gel extraction of the 16S band between the first and second steps (Berry et al., 2011) . The first PCR was done with primers that lacked the 454 adapters or multiplex identifiers (MIDs), while the second added the required 454 A-and B-adapters along with a 5 bp MID for each respective sample. PCRs with the primer pairs 799F-tags/1392R and 27F/519R were tagged in the first round of PCR, and were not done in a two-step process. All tested versions of the forward primer 799F (799F, 799F-tags, 799F-mod2, 799F-mod3, 799F-mod6, 799F-mod7, 799F-thio, and 799F-mod7thio) were paired with the reverse primer 1392R.
PCRs were done in triplicates containing 30-50 ng template DNA, 0.5 μL Herculase II DNA polymerase, 1.0 nM dNTPs, 1.0 μL DMSO, 10 μL buffer, 300 nM of forward and reverse primers, and water amounting to a final volume of 50 μL. Reaction conditions were as follows: 95°C for 2 min, 30 cycles of 95°C for 20 s, 48-50°C for 30 s, 72°C for 30 s, and a final elongation of 72°C for 3 min. The optimal annealing temperature differed between the two environmental samples, 50°C for A. constructor, and 48°C for L. dispar. Triplicate reactions were pooled and an aliquot was used for gel extraction. The~600 bp band expected from the 16S amplicon was extracted from a low-melt agarose gel using a Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA) by visualizing on a blue light transilluminator (Clare Chemical Research, Dolores, CO). A second PCR was done on all primers pairs, except 799F-tags/1392R and 27F/519R, using 2 μL of the extraction product using primers that included the A-and B-adaptors along with the MIDs. All conditions for the second PCR step were identical except that thermocycling was done for 10 cycles instead of 30. Five microliters of the second PCR product was loaded on a 2.0% agarose gel to verify the presence of an~700 bp fragment while lacking one at~600 bp. PCR products were cleaned with three rounds of cleanup using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA) as per manufacturer's directions. PCR products were quantified with a Qubit, and, according to Roche 454 pyrosequencing protocols, diluted and pooled at 10 −6 DNA molecules/μL.
454 Pyrosequencing and long read modifications
The expected fragment size from 799F and 1392R, including 454 adapters and MIDs (~700 bp), is longer than recommended for 454 pyrosequencing (Roche, Indianapolis, IN) on a GS Junior with FLX Titanium chemistry. Therefore, emPCR was modified to accommodate the longer fragment. The modifications were based on the suggestions in technical bulletin TCB-11001 "Amplicon Sequencing on GS FLX System with Various emPCR Conditions" and from Roche technical support (personal communication). Modifications included increased Amp mix to 297 μL, Amp Primer to 104 μL, and decreased water to 359 μL. Thermocycler conditions were changed to: 94°C for 4 min, 50 cycles of 94°C for 30 s, 60°C for 10 min, and storage at 10°C. No other modifications were made to the manufacturer's protocols. The 50:50 mock mixture and environmental sample amplified with 27F/519R were run separately, but with the identical protocols.
Data analysis
Raw data were processed using mothur (v. 1.23.1) (Schloss et al., 2009) . Sequences were analyzed, allowing for no differences in the primers or MIDs, and with a minimum length of 200 bp. The data set was simplified using unique.seqs and aligned to the Silva-derived reference database (v. 102 as implemented for mothur) (Pruesse et al., 2007) . Chimeras were removed using UCHIME (Edgar et al., 2011) . For the first data analysis to evaluate how many chloroplast reads were present, all processed reads were kept. After the command classify.seqs to a nogap version of Silva containing bacterial, archaea, and eukaryotic sequences, each sample was assessed for the percent of chloroplast. For the second data analysis, to compare what bacteria were detected for each primer pair for the two arthropod samples, all eukaryotic reads were removed, as were OTUs with less than 2 reads. Weighted and unweighted Unifrac distance matrices were constructed in mothur and analyzed with non-metric multidimensional scaling (MDS) plots in PRIMER (v6) (Clarke and Gorley, 2006; Lozupone et al., 2011) .
Results
All but three primers readily amplified bacterial 16S and produced a low-intensity band after PCR with pure chloroplast 16S. The additional modifications to 799F not used in the pyrosequencing analysis failed these initial quality controls. All primers successfully amplified the L. dispar sample, but the 3′ phosphorothioate modifications, 799F-thio and 799F-mod7thio, failed to amplify the A. constructor sample. The 50:50 mock mixture yielded a clean, single band with all primers, but the environmental samples had variable numbers of bands present, including the~900 bp fragment from amplification of plant mitochondria 18S (Chelius and Triplett, 2001; Dams et al., 1988) . Within a sample the multiple bands detected did not differ between the various forward primers.
The 454 GS Junior runs resulted in 143,260 raw reads. After removal of short reads and chimeras, 136,270 reads remained. 1364 nonchloroplast eukaryote reads were removed from one sample, resulting in 134,906 high quality reads (Table 3) . Across all primer combinations, both environmental samples had on average less than 1.0% chloroplast reads with the 50:50 mock mixture having 2.5% chloroplasts or less with any of the various versions of 799F. The primer combination 799F-tags, including the 454 B adapter, along with 1392R with the 454 A adapter and 5 bp MIDs, had the highest percentage of chloroplasts in all three cases with 2.47% for the mock mixture, 1.95% for the A. constructor sample, and 6.87% for the L. dispar sample. 799F-mod3, -mod6, and -mod7 resulted in no chloroplast reads in both environmental samples. In the L. dispar sample, 799F-thio also had no chloroplast reads. A previous 454 run with 27F/519R using the A. constructor and L. dispar environmental samples yielded 67% and 39.4% chloroplasts, respectively, while the 50:50 mock mixture resulted in 55% chloroplast reads.
Relative abundances of taxa at the order taxonomic level were minimally impacted by the different forward primers (Fig. 1, Supplemental  Table 2 ). A MDS of weighted Unifrac also showed minimal differences in the various forward primers (Fig. 2) . The unweighted Unifrac MDS was Underlined bases are bonded with phosphorothioate bonds. The number of mismatches (M), zero, one, or two, allowed between the primer and target region in a RDP search.
most affected by the various forward primers, which was most likely due to rare reads present in the analysis (Fig. 2) .
Discussion
Chloroplast and other plastids of bacterial origin present problems unique to certain environments in 16S pyrosequencing (Bulgarelli et al., 2012; Chelius and Triplett, 2001; Lundberg et al., 2012; Rastogi et al., 2010; Sakai et al., 2004) . Although this issue is potentially widespread in insect and plant samples, it has been understudied in nextgeneration sequencing. We tested a series of primers to eliminate plastid contamination in herbivorous insects, and found that our primers, specifically 799F-mod3, -mod6, and -mod7, paired with the universal primer 1392R, drastically reduced these interfering sequences. Subsequent independent experiments using these modifications reduced chloroplast contamination from as much as 99.9% in insect and plant samples to between 0 and 10% (CJ Mason, unpublished data; AS Hanshew, unpublished data).
799F has been used extensively in the literature to minimize chloroplast contamination in plant samples (Bulgarelli et al., 2012; Chelius and Triplett, 2001; Redford and Fierer, 2009; Redford et al., 2010) . While this primer has been successful in some cases (Sun et al., 2008) , it has performed poorly in others (Sagaram et al., 2009 ). Our results show that 799F is capable of reducing chloroplast sequence contamination in our insect samples, but three of our modified versions of 799F appear to be more effective. The differences between 799F and 799F-mod3, -mod6, and -mod7 are the positions of the 3′ mismatch between bacterial and chloroplast 16S, in addition to mismatches at the 5′ end. Shifting the position of these mismatches by 1 or 2 base pairs in the primer may reduce the likelihood of chloroplast sequence amplification greater than in 799F.
Bias is a well-documented problem with all primers used in 16S PCR (Wang and Qian, 2009 ). 799F-mod3, -mod6, and -mod7 all maintain the ability to detect many of the bacterial phyla, but potentially bias against Chloroflexi and Verrucomicrobia (Supplemental Table 1 ). These phyla tend to be in minimal abundances in many animal microbial communities (Colman et al., 2012; Jones et al., 2013; Lozupone et al., 2012) . In our study, we were able to detect these phyla, but at very low abundance, and they have been detected in subsequent analyses using these primers (N Davis, E Houck, K Dill-McFarland, personal communications). Cyanobacteria have a shared evolutionary history . MDS plot illustrating the differences between the bacterial communities in two arthropod samples sequenced with 8 primer pairs. Pairwise community distances determined using the unweighted Unifrac algorithm (A) and the weighted Unifrac algorithm (B). These two panels show that while there may be more bacterial taxa detected with different primers (A), when abundance is taken into account, the communities in each respective insect are nearly indistinguishable (B). with chloroplast. This makes it challenging to have confidence in separating these two DNA sources in culture independent analyses in known plastid-abundant samples. While a biasing of community membership may occur with our primers, this is a long-standing issue that exists for all 16S primers and the reduction of chloroplast sequences in samples similar to ours greatly outweighs this shortcoming. To our knowledge, this is the first study using these primers in insect samples. Similar to 799F use with plant samples, we found that our samples produced multiple banding patterns (Bulgarelli et al., 2012; Chelius and Triplett, 2001) . Unlike previous studies, banding patterns differed from plant samples in that A. constructor had 3-4 bands while L. dispar had 7-9 bands. Changes in annealing temperature and other aspects of the PCR protocol did not reduce these patterns. Thus, utilizing gel extraction between the two-step PCR was necessary and effective in targeting our band of interest. As universal bacterial primers are capable of amplifying non-bacterial sequences, it is not surprising that these complex samples resulted in multiple bands from PCR. These other bands may represent plant mitochondrial 18S, which also has homology to 799F and 1392R, but produces a band roughly 1.5 times as long as that for 16S. It is unlikely that this primer amplifies arthropod 18S or plant nuclear 18S, but there may be other non-target sequences amplified by these primers. Indeed, the 1364 eukaryotic reads present in one sample were likely a result from including an additional band during gel extraction by mistake. The two-step PCR separated by a gel extraction also circumvents the concern of primer length causing non-specific amplification and biases (Berry et al., 2011) . In our results, the primer pairs including the 454 adapters and MIDs were less efficacious as opposed to a two-step PCR method. The two-step PCR method produced results with fewer unwanted sequences, as well as increased consistency.
Throughout our experiments, we tested a number of polymerases with different exonuclease activities, many of which are used extensively in the literature (data not shown). With few exceptions, many were unable to produce amplicons from our samples. Our samples contain a myriad of sources of DNA, including at a minimum bacterial, insect, and plant DNA. Therefore, we think that the complexity of our samples may have reduced the effectiveness of amplification. In order to minimize primer degradation by polymerase exonuclease activities, we incorporated 3′ phosphorothioate modifications into four versions of our primers to attempt to preserve the mismatches to chloroplast 16S on the 3′ end of the primers. We found that the phosphorothioate primers performed inconsistently between samples. These modifications worked as well as the unmodified versions in the L. dispar sample, but failed to amplify in the A. constructor sample. Therefore, this primer modification should be used on a case-by-case basis.
Recently, 16S amplicon sequencing on high-throughput platforms has had increased use across a number of environmental samples, including insects and plants. Investigating bacterial communities in these systems with standard protocols can present challenges that previous studies have not yet encountered. The methods outlined in this study provide a much-needed methodological framework for addressing issues pertaining to unwanted sequence contamination. Our methods enable comparison of microbial communities in systems that were previously intractable to bacterial community analyses that can be modified to other PCR-based platforms. Many systems, including herbivorous hosts, can be chloroplast-laden and our methods establish a way of contending with this issue.
Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.mimet.2013.08.007.
